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Plants develop continually throughout their lifetime from central regions of growth, 
called meristems, that contain dividing cells that will either differentiate to form organs or 
remain undifferentiated in what is called the stem cell niche. Maintenance of this stem cell 
niche by signaling molecules is necessary for proper development, as this niche allows 
for new organs to be made over the course of the plant’s life. The CLAVATA2 (CLV2) 
leucine-rich repeat receptor-like protein inhibits stem cell proliferation in the shoot 
meristem. Mutations in clv2 lead to an overproduction of stem cells, resulting in increased 
organ number. Additionally, clv2 mutants in the Arabidopsis thaliana Columbia (Col-0) 
ecotype have a secondary phenotype with disruption in production of flowers, but this 
effect is not seen in the Landsberg-erecta (Ler-0) ecotype. The cause of this phenotypic 
variation is unknown. Here, we analyze the genetic basis of this phenotypic discrepancy 
using mapping-by-sequencing supplemented with fine marker mapping to identify regions 
of the genome linked to CLV2-mediated flower development. We determined the nature 
of this genetic relationship to be a semi-dominant, multigenic interaction and identified a 
150 Kb region of chromosome 5 that is linked to the clv2 terminating flower phenotype 
seen in Col-0. To further investigate this phenotype, we used CRISPR-Cas9 in 17 
additional genetically and geographically diverse Arabidopsis ecotypes to mutate clv2. 
Comparing clv2 phenotypes across ecotypes could reveal how flower development is 
linked with adaptations in local environments. This genetic link provides insight into how 
floral signaling is robustly maintained across geographically divergent environments, and 




Plants of the same species are able to thrive in a variety of different climates and 
conditions1. The model organism Arabidopsis thaliana is a flowering plant species native 
to Europe, Asia, and North Africa, but now grows in many countries across the world, 
including the United States1. Over 7,000 natural accessions, or ecotypes, have been 
documented. Each genome varies slightly, resulting in differences in a variety of traits 
such as flowering time and fruit number, as well as significant gross morphological 
differences1. 
Plants grow and develop from meristems, which contain a population of 
undifferentiated cells, called stem cells, and their mitotically active (dividing) progeny2. 
Daughters of stem cells can either remain undifferentiated or leave the meristem and 
differentiate, a process carefully regulated by sets of signaling molecules from nearby 
cells3. Cells that retain their stem cell identity stay in the meristem to populate the stem 
cell niche, a pool of stem cells maintained over the lifetime of the plant3. This niche is vital 
for proper plant development, as plants continue to grow new organs throughout their 
adult life3. Cells that exit the meristem differentiate to give rise to the plant’s organs4. Two 
primary meristems exist in the plant: the root apical meristem, from which the root system 
is formed, and the shoot apical meristem (SAM), which gives rise to leaves and flowers4.  
In Arabidopsis, flowers are produced from the shoot apex after floral transition by 
stem cell populations in the SAM, which becomes the inflorescence meristem at this 
stage, meaning that it makes flowers instead of leaves4. The decision to differentiate 
towards making a flower or to remain a stem cell is controlled by known regulators of stem 
cells in the SAM, such as the CLAVATA (CLV) signaling pathway5. CLAVATA2 (CLV2) 
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encodes a leucine-rich repeat receptor-like protein (LRR-RLP) that complexes with 
CORYNE (CRN), a transmembrane pseudokinase6,7,8. This complex functions separately 
from, but in parallel with, the CLAVATA1 (CLV1) leucine-rich repeat receptor-like kinase 
(LRR-RLK) and its peptide ligand CLAVATA3 (CLV3) to negatively regulate the stem cell 
identity in the shoot apical meristem7,9. CLV2/CRN also regulate auxin-mediated flower 
production and contribute to a signaling cascade that ensures robust flower production 
across a variety of environmental conditions10. When clv2 is mutated in the Landsberg-
erecta (Ler-0) ecotype, there is an over-proliferation of stem cells characteristic of clv 
mutations11. However, when clv2 is mutated in Columbia (Col-0), there is an additional 
phenotype where flower primordia outgrowth is terminated at ambient temperatures10.  
 We set out to understand the genetic basis for this phenotypic discrepancy across 
natural accessions of Arabidopsis. We also wanted to investigate whether the genetic 
and phenotypic changes were conserved across other natural accessions as a result of 
adaptations to local environments. These questions could help us to expand upon the 
understanding of genetic variation in natural accessions of Arabidopsis and how changes 
to the genome over evolutionary time enable plants to continue to flower in differing 
environments.  
 Here, we took a mapping-by-sequencing approach in order to identify regions of 
the genome that are linked to the phenotypic differences in Col-0 and Ler-0 clv2 plants. 
We crossed Col-0 clv2 to Ler-0 clv2 and pooled F2 plants with similar flower outgrowth 
phenotypes for sequencing. We then used bioinformatic analysis to identify regions of the 
genome that were enriched for either of the parent genomes. To further narrow the region 
of interest, we utilized simple sequence length polymorphism (SSLP) markers and 
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Cleaved Amplified Polymorphic Sequences (CAPS) markers14, then analyzed the genes 
in the region for potential candidacy by their involvement in flower production based on 
RNA expression in floral tissue and single nucleotide polymorphism (SNP) classification 
between genomes. As a result, we narrowed down a 150 Kb region on chromosome 5 
linked to the terminating floral phenotype seen in Col-0 clv2 mutant plant with an epistatic 
genetic relationship. We also used CRISPR-Cas9 to mutate clv2 in various other 





F2 characterization showed multigenic, semi-dominant relationship 
 It was known that when CLAVATA2 (CLV2) is mutated in both Ler-0 and Col-0 
natural Arabidopsis accessions, there is a characteristic over-proliferation of stem cells 
and increased number of carpels per silique seen in clv mutants11,12 (Figures 1A and B). 
However, in addition, we noticed a novel phenotype seen only in Col-0 clv2 mutations at 
ambient and cold temperatures with terminated floral primordia that is not seen in Ler-010 
(Figure 1A). To understand the genetic basis, we utilized mapping-by-sequencing and 
bioinformatic analysis to narrow down a region of the genome linked to the phenotypic 
difference. We crossed Ler-0 clv2 (clv2-1) and Col-0 clv2 (rlp10-1), and the resultant F2 
generation plants were classified for their degree of flower termination, ranging from no 
termination to severe (Figure 1C). Classes selected for pooling and sequencing were 
plants with severe floral termination (representing Col-0 clv2) and plants with no 
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termination and no erecta meristematic character (representing Ler-0 clv2) (Figure 1C). 
Non-terminating (NT) plants with no erecta character were specifically chosen because 
the erecta mutation in the Landsberg-erecta background causes a large meristem that 
made it difficult to classify severity of floral termination, so we attempted to eliminate any 
bias it may cause in pooling. After classification, plants of each class were summed and 
statistically tested against single gene and epistatic gene relationship ratios. The gene(s) 
causing the phenotypic discrepancy appear not to segregate in a single gene manner, 
but in an epistatic manner, leading us to believe that this phenotype difference is the result 







Mapping-by-sequencing revealed region enriched for Col-0 termination 
 After sequencing the pools of severely terminated and no termination and no 
erecta plants, we mapped the reads of the parent controls (rlp10-1 and clv2-1) as well as 
the terminating and NT pools to the Col-0 and Ler-0 reference genomes and called SNPs, 
insertions, and deletions between each. We created a ratio of NT and terminating pool 
SNPs in 250,000 bp intervals and compared them to both the rlp10-1 and clv2-1 parents 
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to look for a region that was enriched for one pool in either parent. In comparison to the 
clv2-1 parent, there were no obvious differences between the terminating and non-
terminating genomes and the clv2-1 parent genome (Figure S1). This reveals that there 
are no regions of Ler-0 background enrichment in either phenotype (terminating or non-
terminating). There were also no peak regions on chromosomes 1-4 when comparing the 
two pools of plants against the rlp10-1 background (Figure 2A-D). Interestingly, in the 
rlp10-1 parent, there is a 1.5 Mb region on chromosome 5 with a large peak of NT over 
terminating SNPs, indicating that this region of the genome in NT plants is highly different 
than that of the rlp10-1 parent (Figure 2E). This suggests that this region of the genome 
is linked to the terminating phenotype seen in Col-0 clv2 mutant plants, as terminating 
plants in this region are enriched for the Col-0 genome. We noticed one other, smaller 
peak region on chromosome 5 from about 2-4 Mb, which we proposed may be an 
interesting region as well due to the multigenic, semidominant nature we found 
statistically from the F2 generation (Figure 2E). Taken together, these results suggest 
chromosome 5 may contain a gene or multiple genes that contribute to the phenotypic 




Fine mapping narrowed region of interest 
 Once we found a peak region enriched for Col-0 in terminating plants, this still left 
us with hundreds of genes within the 1.5 Mb region. In order to more finely narrow the 
region, we used single sequence length polymorphism (SSLP) markers to compare our 
region of interest to controls. This would allow us to identify where recombination 
containing Col-0 terminating gene(s) starts and ends. We selected 3 markers within 6 Mb 
to 8.4 Mb, going slightly outside the peak region identified in order to ensure we captured 
the recombination site - PAT1.2 around 6 Mb, CIW8 around 7.5 Mb, and NGA139 around 
8.4 Mb. We compared 28 NT and 35 terminating plants to rlp10-1, clv2-1, and 
heterozygous controls, and found 4 terminating plants to be informative for the Col-0 
enriched gene (Figure 3A-C). 3 of the 4 plants were heterozygous at 6 Mb, and one had 
a rlp10-1 genotype (Figure 3A, D). 3 of the 4 plants were then rlp10-1 at 7.5 Mb, and one 
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was heterozygous (Figure 3B, D). This indicated that the breakpoint of recombination that 
contains the Col-0 enriched gene found in the peak region of mapping-by-sequencing is 
between 6 Mb and 7.5 Mb on Chromosome 5.  
Our SSLP marker analysis on the terminating plants also indicated one plant with 
a clv2-1 genotype at 6 Mb, and some plants were heterozygous across the entire 6 Mb -
8.4 Mb region in both terminating and NT plants (Figure S2). This may be due to our 
earlier finding that the genetic cause of this phenotypic difference is not due to a single 
gene, but is caused by multiple genetic loci interacting with elements of semi-dominance 
and epistasis. We hypothesized that the other gene we predict is involved is closely linked 
to this region that is enriched for Col-0 in terminating plants. We proposed our mapping 
by sequencing had enriched for one gene that, when homozygous for the Col-0 genome, 
can cause termination, and that another gene nearby can cause termination when 
homozygous for Col-0 as well.  
 We tested this hypothesis using more SSLP markers upstream of the 6-8.4 Mb 
interval. We looked in the smaller peak region mentioned earlier on chromosome 5 from 
about 2-4 Mb. We used markers at 1.14 Mb (CIW15), 2.78Mb (NGA249), and 4.68Mb 
(NGA151) in order to find a second, linked gene region enriched for Col-0 in terminating 
plants that are heterozygous across the 6-8.4 Mb interval. We did not find this to be 
accurate, as both terminating and NT plants were still heterozygous across the 1.14 to 
4.68 Mb region (Figure S3). We did see enrichment of rlp10-1 still across terminating 
plants, but there was no clear homozygous area for rlp10-1 in terminating and NT plants 
as we proposed. We also noticed there may be more than one recombination happening 
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between 1.14 and 4.68 Mb, as some plants were heterozygous at 1.14 Mb and 4.68 Mb, 
but rlp10-1 at 2.78 Mb (Figure S3).  
Based on this data, we expect that one gene linked to the terminating phenotype 












CAPS markers fine-tune region of interest 
 After identifying that the homozygous Col-0 genome locus was between 6 and 7.5 
Mb, we wanted to further narrow the region of interest to minimize potential candidate 
gene numbers, as well as try to understand the complicated multigenic relationship of our 
termination phenotype. We designed Cleaved Amplified Polymorphic Sequences (CAPS) 
markers14 at every 400 Kb between 6 Mb and 7.5 Mb to continue to solve where the 
breakpoint of recombination occurred that contains the Col-0 enriched gene (PKRFC: 6.4 
Mb, AWUI: 6.8 Mb, RATTY: 7.2 Mb). The 4 informative plants found from SSLP markers 
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were used in comparison to both parent and heterozygous controls (Figure 4A-C). At 6.8 
Mb, 3 plants had a rlp10-1 genotype, and one was heterozygous (Figure 4B, D), whereas 
at 7.2 Mb, 3 plants were rlp10-1 and one was heterozygous (Figure 4C, D). These 
markers indicate a recombination site between 6.8 and 7.2 Mb for the Col-0 enriched 
gene.  
 
A 150 Kb region on chromosome 5 is enriched for rlp10-1 
 We designed more CAPS markers for every 50 Kb between 6.8 and 7.2 Mb (N1-
N7). We ran these markers on plants 1-4 alongside an rlp10-1, clv2-1, and heterozygous 
control (Figure 5A-G). We also ran these (and SSLP and previous CAPS) markers on 5 
additional plants – 1 terminating and 4 NT – to try and understand how the heterozygous 
genotype seen across the larger 6-8 Mb region contributes to the termination phenotype. 
Plant 5 had a clv2-1 genotype at 6 Mb from the SSLP markers, and plants 6-9 are NT 
plants that were heterozygous and clv2-1 across the 6-8 Mb region (Figure 5, S2). These 
CAPS markers revealed a 1.5 Mb region from 6.85 to 7.1 Mb where terminating plants 
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were enriched for the Col-0 genome (Figure 5H). We were interested to see in terminating 
plant 5 that this region was enriched for the Ler-0 genome. This could be due to 
contamination, or due to a region downstream after 7.5 Mb where heterozygosity can 
contribute to the termination phenotype. We found in the 4 suppressed plants that this 
6.85-7.1 region was all heterozygous, and that downstream at 7.5 and 8.4 Mb that there 
was a mix of clv2-1 and heterozygous genotypes (Figure 5I). Together, this indicates that 
the gene enriched for Col-0 that we have been tracking can be found between 6.85 and 
7.1 Mb on chromosome 5, and that there is another gene linked to this region nearby, 




Candidate genes are expressed during flowering in Col-0 
 Within the 150 Kb interval we were able to narrow down using mapping-by 
sequencing, SSLP markers, and CAPS markers, we wanted to know what genes in the 
region could potentially be contributing to the flower termination phenotype in Col-0 clv2. 
We found that there were 91 total genes in Arabidopsis from 6.85 to 7.1 Mb on 
chromosome 5 using The Arabidopsis Information Resource (TAIR). We first utilized the 
1001 Genomes Project Polymorph 1001 tool15,16 to compare SNPs and indels between 
Col-0 and Ler-0 that have high or moderate impact on the coding regions of the 91 genes 
in the region. There were 2 high impact variants (one stop codon and one splice acceptor 
variant), and 152 moderate impact variants (all missense mutations) (Figure 5). We then 
filtered genes based on expression during flower development in Col-0 using an RNA-
seq dataset focused on the developmental stage when clv2 terminates10. We found 39 of 
the 91 genes to be expressed in at this time (Figure 5). Together, we have identified 39 
genes in the 6.85 to 7.1 Kb range that have the potential to be linked to floral termination 






















CRISPR-Cas9 clv2 vector integrated into natural accessions 
 After finding this novel clv2 phenotypic variation between two commonly used 
natural accessions, Ler-0 and Col-0, we were curious about the phenotypic and genotypic 
comparisons in clv2 mutations with other natural accessions found across the globe. We 
used the MAGIC founder lines17 that are native to different geographical regions across 
Europe and Asia to establish CRISPR-Cas9 clv2 mutants in Col-0 and Ler-0 as well as 
17 additional ecotypes. 6 accessions had plates with Hygromycin resistant plants at the 
T1 stage, indicating that they had taken up the Cas9 transgene (Figure 6). At the T2 
stage, a clv2 phenotype with more carpels per silique was seen in one branch of an Mt-0 
plant (Figure 6), so seed was collected from this branch to continue to the next generation. 
3 accessions showed resistance to Hygromycin at the T2 stage: Bur-0, Col-0, and Mt-0 
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(Figure 6). Those plants were genotyped for clv2 gRNA off of the plain plates and clv2 
was amplified and sequenced for stable clv2 null alleles. Each accession had a line with 
clv2 gRNA, indicating the transgene was present, but none of the sequencing came back 
with a successful clv2 mutation (Figure 6). In the T3 generation, both Bur-0 and Mt-0 
showed a 3:1 segregation ratio on hygromycin plates, indicating that Cas9 had been 
present but segregated away (Figure 6). This is desirable so that Cas9 can be segregated 
out of the plant line after isolating clv2 mutations to avoid further affects. Altogether, the 
Cas9 clv2 vector was shown to be successfully integrated into at least 2 accessions with 

















 Here, we present a 150 Kb region of Arabidopsis chromosome 5 responsible, at 
least in part, for termination of flower outgrowth in Col-0 clv2 plants. We narrowed down 
39 candidate genes in this region that could be linked to the phenotype. The other locus 
responsible for this termination seems to be contributed by a closely linked region in a 
semidominant, multigenic epistatic relationship. We also present multiple successful 
Cas9 clv2 transgene integrations in other natural accessions of Arabidopsis using 
CRISPR-Cas9.  
 We conclude that chromosome 5 plays a vital role in this phenotype in Col-0 clv2, 
and that a complex, multigenic relationship in two closely linked genes is at work here. 
Specifically, we conclude that this 150 Kb region causes terminating flowers via 
homozygosity of the Col-0 genome, and that another closely linked gene on chromosome 
5 plays a role in the termination phenotype as well. 
 We acknowledge that our sample size is not as large as we would have liked, with 
only 38 plants per sequencing pool. With a larger sample size, we would have more clear 
segregation ratios that translate to a better idea of the exact genetic relationship, as well 
as more defined peaks of SNP density that would reveal our peak region and any other 
involved regions with more definition and clarity. In future studies, we would like to add 
more plants to the sequencing pools to increase the data we have for identifying peak 
regions. This will increase our certainty in the role of the 150 Kb region we narrowed 
down, as well as help to clarify any other, less-pronounced peaks that could contain 
another gene linked to the phenotype. We are currently growing another F2 generation in 
order to do so.  
 18 
It is interesting that while there is a region in terminating plants enriched for the 
Col-0 genome, there is no corresponding region of NT plants enriched for the Ler-0 
genome, which we had predicted there would be. We propose that this is a result of there 
being a change in Col-0 that deviates from the “normal” flower outgrowth pathway seen 
in Ler-0.  
Additionally, our SSLP marker data has some complex results. Firstly, there was 
one sample in the termination pool with a completely clv2-1 genotype, and two samples 
in the NT pool with a completely rlp10-1 phenotype across the entire 6-8.4 Mb region of 
interest. We believe this to be the result of contamination. This is expected in a study of 
this nature, but in the future we plan to avoid the plants with erecta meristematic character 
even more, as we mentioned its appearance makes phenotypic characterization difficult. 
Moreover, we found it challenging that both classes of plants could have exactly the same 
genotype at these marker regions and a totally different phenotype, such as those plants 
that are heterozygous all the way across. We hypothesize this is the result of a closely 
linked gene that is able to influence the genotype separate from this region. We proposed 
that one of the two must be homozygous for Col-0 in order to terminate flower production, 
which would explain why both terminating and NT plants can be heterozygous all the way 
across the 6-8.4 Mb enriched region. However, we did not find this to be the exact case 
in terminating plants completely heterozygous across this 6-8.4 Mb region when we 
tested an upstream region (1.14-4.86 Mb) that we thought may contain the other, linked 
gene. Many terminating were completely heterozygous across the region, and therefore, 
did not indicate a gene in this region that is homozygous for Col-0 that can cause 
termination when the 6-8.4 Mb region is heterozygous. We previously did not believe 
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more than one recombination would happen within this region, but our data showed both 
terminating and NT plants with heterozygous regions flanking a rlp10-1 region at 2.78 Mb. 
This indicates that we need finer markers in order to support or disprove our earlier 
hypothesis with certainty and reveal the true nature of the gene linkage on chromosome 
5.  
We also found using the 50 Kb fine CAPS markers that terminating plant 5 was 
Ler-0 all the way across the 6.85 Mb-7.1 Mb region that we propose contains a gene 
involved in termination. This could be viewed as a contamination, but could also further 
support the idea that a second gene elsewhere on chromosome 5 is able to cause 
termination, even without this 150 Kb region being homozygous or even heterozygous for 
Col-0. We predict that there is a connection further downstream of 7.5 Kb where we see 
plant 5 become heterozygous that could be related to termination as well. We saw some 
degree of termination in the F1 generation of Col-0 clv2 and Ler-0 clv2 crossed, which is 
completely heterozygous, so we know that heterozygosity has the potential to  contribute 
to this phenotype. In future studies, we would like to cross a plant heterozygous for this 
entire region of both terminating and NT phenotypes to try and further understand this 
enigma. This would help us to understand the recombination happening in our second 
region to understand exactly how the termination phenotype occurs. Much more work 
needs to be done in order to iron out the exact details of this complex genetic relationship 
between what we believe to be two linked genes on chromosome 5. 
Another future goal will be to look more deeply into the 39 candidate genes in order 
to understand their role using literature about their role in plant and flower development. 
We would like to use some of the promising candidates in CRISPR-Cas9 mutations in 
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order to see if mutating one of these genes can cause floral termination in Col-0 and Ler-
0 ecotypes, and mutate in combination with clv2 to better understand  how these genes 
may interact with CLV2. 
Currently, we are continuing work on our CRISPR mutants in order to ensure 
successful mutation of clv2 in our T3 accessions, Bur-0 and Mt-0. We will do this by 
genotyping for the Cas9 transgene as well as amplifying and sending clv2 for sequencing 
to determine if it is mutated. We would like to get to this point with all 17 other accessions 
as well and compare their phenotype and morphology with Ler-0 and Col-0 clv2. In the 
future, we plan to use these clv2 accessions to compare with the sequencing data from 
the Ler-0 and Col-0 clv2 hybrid F2 generation to further elucidate the importance of the 
150 Kb region in the termination phenotype, as well as to understand the complex linked 
relationship between genes we suspect on chromosome 5.  
 Ultimately, the genetic link to termination of flowers can help reveal how floral 
production is ensured across a variety of different environments and geographic regions. 
Understanding the signaling pathway used to maintain flower outgrowth in one accession 
versus another can help us understand how the same species of plant can grow all over 
the world, and how adaptations across local environments were made in evolutionary 
time to adjust to different conditions. As Earth’s climate continues to change at a rapid 
pace, we may be able to utilize our understanding of the adaptations to floral outgrowth 
signaling pathways in different natural accessions of various environments to continue to 






EXPERIMENTAL MODEL DETAILS 
  
Arabidopsis thaliana accessions Columbia (Col-0) and Landsberg-erecta (Ler-0) were 
used for the mapping-by-sequencing experiments. MAGIC line founder accessions17 
were ordered from the Arabidopsis Biological Resource Center (ABRC) and included 
accessions: Bur-0, Can-0, Ct-1, Edi-0, Hi-0, Kn-0, Mt-0, No-0, Oy-0, Po-0, Rsch-4, Sf-2, 
Tsu-0, Wil-2, Ws-0, Wu-0, and Zu-0.  
 
Plant maintenance and growth conditions 
Plant seeds were sterilized using a 10% bleach/0.01% Triton X solution and grown on 
half-concentration Murashige-Skoog (MS) media with MES buffer at a pH of 5.7. After 
being stratified for 2 days in the dark at 4°C, plates were then grown in 24-hour light at 
22°C in a Percival growth chamber (AR-75L3). Seedlings were transplanted around 10 
days old into soil (Metro-Mix 360/sand/perlite supplemented with Marathon pesticide and 
Peter’s 20:20:20 [N:P:K] at recommended levels) and returned to the Percival to grow 










The pCUT vector was used to make mutations in clv2 in all accessions. Mutagenesis with 
the pCUT vector system was done in accordance with the methods listed in Jones et al., 
202110. Briefly, a pENTR-D/TOPO entry vector was modified and used for Gateway 
cloning into the pCUT4GTW vector expressing Cas9 under UBIQUITIN10 promoter. 
Presence of the transgene was checked by genotyping for Cas9, Hygromycin resistance 
gene, and gRNA of CLV2  in the Agrobacterium using PCR and 1% gel electrophoresis 
using primers 1-6 respectively, from Appendix A. T1 seeds were plated after sterilization 
in 0.1% phytoagar on half-concentration MS with 80% concentration Hygromycin 
antibiotic plates to select for Hygromycin resistant plants, indicating the vector was 
present. T2 seeds were plated on both ½ MS plain and ½ MS with 80% hygromycin. 
Seedlings on plain plates were heat- shocked in a 35°C Percival for 24 hours after 2 
weeks of growth in the 22°C Percival. Hygromycin plates were used to observe 
segregation rates of Cas9. Segregation rates of a successful CRISPR-Cas9 mutation 
were expected to be 3:1 resistant: sensitive, or completely dead, indicating that Cas9 had 
been present, but segregated out of the plants. This enables Cas9 to isolate mutation of 
clv2 and not make any other changes to the genome. Accessions with these segregation 
patterns were genotyped for presence of Cas9 using primers 1-2 in Appendix A on a 1% 
gel. Primers 7 and 8 were used to amplify clv2 in these accessions and they were sent 
for sequencing using primer 9 to ensure stable, null edits. If the clv2 mutation was 
unsuccessful, plants were plated again on ½ MS plain and ½ MS with 80% Hygromycin, 
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heat-treated as seedlings in 35°C in the same way as the T2 generation, and observed 
for segregation patterns in the T3 generation.  
 
 
Floral dip transformation 
Approximately 2 weeks after transplantation onto soil, primary floral meristems were cut 
to maximize newly made flowers to take up the vector during floral dip transformation18. 
7 days after, plants were transformed with the CRISPR-Cas9 vector using floral dip. 
Plants were dipped into a 5% sugar and Silwet Agrobacterium solution for approximately 
5 minutes with constant swirling of the container to maximize impact with the plant.  
  
  
Col-0 x Ler-0 clv2 crosses and phenotypic classification 
Col-0 null clv2 (rlp10-1)9 and Ler-0 null clv2 (clv2-1)6 tDNA insertion mutants were 
crossed by Daniel Jones to make an F1 generation with clv2 mutated. F1 plants were 
selfed, and F2 plants were phenotypically classified for no termination, mild termination, 
and severe termination. No termination was split into two classes: with erecta character, 
and without erecta character. Ler-0 has a distinct meristem appearance that makes 
classification of no-termination more difficult, so it was separately classified in order to 
avoid mistaken classifications that would modify mapping-by-sequencing results. 
Phenotypic classes were summed for segregation ratios of flower termination. Using Chi-
squared analysis, ratios were compared to single gene segregation (1:2:1) and a semi-
dominant, digenic relationship (7:6:3) using Microsoft Excel v. 16.40 to determine a 
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segregation pattern in floral termination with clv2 mutation. The ratio of plants with erecta 
character and plants without erecta character were also counted and compared to single 
gene segregation using Chi-squared analysis. This was done as a control, as erecta is 
known to segregate in a single gene ratio13. 
 
 
DNA Extraction and pooling 
CTAB buffer and the OPS Diagnostics extraction method were used to extract DNA from 
the F2 population19. Briefly, 2-4 plant leaves were grinded to a fine dust by mortar and 
pestle in liquid nitrogen, followed by the addition of 500 µL CTAB buffer. After a 60°C 
incubation, homogenate was spun down and transferred into a new tube after adding 2 
µL RNAse. 3 sets of equal volume chloroform: isoamyl alcohol (24:1) extractions were 
carried out and tubes were vortexed and spun down between each to separate the 
phases. DNA was precipitated using 0.7 volumes of isopropanol added and inverted, then 
incubated at -20°C. Tubes were spun down, decanted and the pellet was washed with 1 
volume of 70% ethanol. After decanting, pellets were dried and resuspended with 50 µL 
of Tris-EDTA (TE) buffer. PCR and gel electrophoresis using a 1% agarose gel and 1% 
ethidium bromide were conducted in order to ensure DNA was extracted and in a 
reasonable concentration. Concentration was quantified using the Qubit (ThermoFischer 
Scientific Qubit 3.0 Fluorometer) and associated Qubit dsDNA broad-range (BR) assay. 
DNA was pooled in accordance to concentration and volume standards of High-
Throughput Sequencing Facility at UNC Chapel Hill for next-generation high-throughput 
sequencing. Nine or ten samples were combined to make pools of 25-40 ng/µL final 
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concentration and 50-55 µL final volume. Each sample was added in equivalent 
concentrations (200ng) to make up pools that represented each sample equally. The two 
pools generated and sent for sequencing were plants with no floral termination and no 
erecta character, as well as those with severe termination. 
  
 
Bioinformatic analysis for Mapping-by-Sequencing 
Sequencing results were analyzed using Sequence alignment/map tools (SAMtools)20,21, 
Burrows-Wheeler Aligner (BWA)22, and Variant Call Format tools (VCFtools)23 on UNC’s 
Longleaf Simple Linux Utility for Resource Management (SLURM) server. Parent (rlp10-
1 and clv2-1) and F2 pool (termination and NT) reads were mapped to the Col-0 and Ler-
0 reference genome indexes using BWA. SAM output files were cleaned up to remove 
non-mated reads and sorted by map coordinates on the genome, and single nucleotide 
polymorphisms (SNPs), indels, and deletions between the parents or the F2 pools and 
the reference were called using SAMtools. SAMtools was also used to filter out 
uninformative SNPs. This included common SNPs between the two F2 pools as well as 
between the F2 pools and their non-like parents (ex: rlp10-1 parent and non-terminating 
F2 pool), both of which would not provide useful information for the phenotype. Using 
VCFtools, unique SNP density across the genome was then counted between each F2 
pools and both parents at 250 Kb intervals. A ratio was calculated with the number of 
SNPs per interval of the NT pools compared to the rlp10-1  parent genome over that of 
the terminating pools, and the same was done in comparison with the clv2-1 parent 
(terminating over NT for these ratios). These ratios were used to create a graph of each 
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chromosome on Microsoft Excel v. 16.40 that functioned as a map to determine where 
there were peak regions of one pool that were highly dissimilar to one parent line 
(meaning that the other pool was highly enriched for that parent). Specific coding inputs 
for SLURM are listed in supplemental table 1 – “suppressed” in the code refers to the 
non-terminating (NT) pool. 
 
 
Fine Marker Mapping  
SSLP markers on the Arabidopsis genome were selected from 6Mb to 8.4Mb on 
chromosome 5: PAT1.2 (6Mb), NGA106 (7.1Mb), CIW8(7.4Mb), CDPK9 (8Mb) and 
NGA139 (8.4Mb) (Appendix B: D, M, P, Q, R, respectively). Only 3 of these markers 
worked well on controls, and were therefore used for all plant samples – PAT1.2, CIW8, 
and NGA139. 3 markers upstream of the peak region were also selected for the smaller 
peak: CIW15 (1.14 Mb), NGA249 (2.78 Mb), and NGA151 (4.86 Mb) (Appendix B: A, B, 
C, respectively). Terminating and NT F2 plant DNA was genotyped alongside rlp10-1 and 
clv2-1 parent controls and a pseudo-heterozygous control (made by combining the two 
parents in equal concentrations) to narrow recombination breakpoints. PCR was done 
using primers 10-25, respectively in forward and reverse pairs, and genotyping was done 
on a 3% Agarose gel electrophoresis.  
For further narrowing of the breakpoint, CAPS markers14 were designed every 400 
Kb with SNPs between Col-0 and Ler-0 that created/destroyed restriction sites to cause 
differential cutting by a restriction enzyme (E, F, and O in Appendix B). After narrowing to 
a 400 Kb region, CAPS markers were designed again at every 50 Kb to clarify the 
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recombination breakpoint (G-L and N in Appendix B). These were designed by comparing 
the rlp10-1 and clv2-1 genomes on SnapGene to find regions with a SNP that caused 
only one to have a restriction enzyme site. PCR was done on terminating and NT F2 
plants using primers 26-45 in Appendix A, and cut with the corresponding restriction 
enzymes listed in Appendix B. Genotyping was run on 5 terminating plants of interest and 
4 non-terminating plants on a 1% agarose gel electrophoresis and analyzed in 
comparison with rlp10-1 and clv2-1 parent controls and a pseudo-heterozygous control.  
 
 
Candidate Gene Identification 
We identified all genes within the 6.8 to 7.2 Kb range using The Arabidopsis Information 
Resource (TAIR). We then used 1001 Genomes Project Polymorph 1001 tool15,16 in order 
to identify SNPs, insertions, and deletions between the Col-0 and Ler-0 ecotypes within 
these genes. We focused on high or moderate impact variants. High or moderate impact 
was classified by the 1001 Genomes Project database, and typically were nonsense 
mutations or splice acceptor variants as high impact, and missense mutations as 
moderate impact. We then filtered out important genes by cross-reference with an RNA-
seq data set provided by a fellow lab member, Amala John10. This data set showed mRNA 
expression levels in the Col-0 ecotype at the developmental time point where clv2 
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1 Cas9_F1 ggcagtccagaggacaacgaacag N/A 

























pt2 F GTTGGAACTTATATCCACAATCTC N/A 
9 CLV2_seq AATGGCTGCTGAAAATCTCTG N/A 
10 PAT1-2-F1 CATGCTTCATCATTGCCC PAT1.2 (D) 
11 PAT1-2-R1 AGCTGAAGCTCTGCCACC PAT1.2 (D) 
12 NGA106-F1 TGCCCCATTTTGTTCTTCTC NGA106 (M) 
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13 NGA106-R1 GTTATGGAGTTTCTAGGGCACG NGA106 (M) 
14 CIW8-F1 TAGTGAAACCTTTCTCAGAT CIW8 (P) 
15 CIW8-R1 TTATGTTTTCTTCAATCAGTT CIW8 (P) 
16 CDPK9-F1 TCAATCATTGTCCAAAACTTGG CDPK9 (Q) 
17 CDPK9-R1 GAAACTGACTTGGAGAAGGCA CDPK9 (Q) 
18 NGA139-F1 GGTTTCGTTTCACTATCCAGG NGA139 (R) 
19 NGA139-R1 AGAGCTACCAGATCCGATGG NGA139 (R) 
20 NGA151-F1 CAGTCTAAAAGCGAGAGTATGATG NGA151 (C) 
21 NGA151-R1 GTTTTGGGAAGTTTTGCTGG NGA151 (C) 
22 NGA249-F1 GGATCCCTAACTGTAAAATCCC NGA249 (B) 
23 NGA249-R1 TACCGTCAATTTCATCGCC NGA249 (B) 
24 CIW15-F1 TCCAAAGCTAAATCGCTAT CIW15 (A) 
25 CIW15-R1 CTCCGTCTATTCAAGATGC CIW15 (A) 
26 RATTY_F1 GAAGGGTTTCCAAAATTATCCCCG RATTY (O) 
27 RATTY_R1 GATTTTATAGTCTATGCGTTGGGGT RATTY (O) 
28 AWUI_F1 CGAAGTACTTCCTATTCTAGCGCTG AWUI (F)  
29 AWUI_R1 CAAGGATAAGAGTATCGTCGGTAGG AWUI (F)  
30 PKRFC_F1 GAGGCAGTGAGATTTTTTGGTGG PKRFC (E) 
31 PKRFC_R1 AATGGCTTAAAAGTTAAAAGGCAGG PKRFC (E) 
32 N1_F1 CCTGGCAGATTGAACTAGGGT N1 (G) 
33 N1_R1 AGATTACCCGGTCAGAAATGAGC N1 (G) 
34 N2_F1 CACATGAGTTCCAGAGACTTAGGATC N2 (H) 
35 N2_R1 TCTTGAGCTGTTTGAAAGAGGTCG N2 (H) 
36 N3_F1 
GCCATGTCTTTTGTAGAAAATCTACTA
CC N3 (I) 
37 N3_R1 CAGAATGAGAAGAGATGACCCCA N3 (I) 
38 N4_F1 TGACAGCGAAATGTGTCACTTCTAG N4 (J) 
39 N4_R1 CCTCACCAACAGCAACCTCA N4 (J) 
40 N5_F1 GAGCCTCTGTGAATAGATTTGCC N5 (K) 
41 N5_R1 TGCTCAAGGACAAGAAGAAGCC N5 (K) 
42 N6_F1 CCCTTATCTCATTGATTTCATCAGCC N6 (L) 
43 N6_R1 AGATTAAAACAACCCCTGCGC N6 (L) 
44 N7_F1 TGTTTTTGGTCACATTTGTTACGCC N7 (N) 
















A CIW15 SSLP N/A 1.14 Mb 
B NGA249 SSLP N/A 2.78 Mb 
C NGA151 SSLP N/A 4.86 Mb 
D PAT1.2 SSLP N/A 6 Mb 
E PKRFC CAPS MboII 6.4 Mb 
F AWUI CAPS HphI 6.8 Mb 
G N1 CAPS ApoI 6.85 Mb 
H N2 CAPS XhoI 6.9 Mb 
I N3 CAPS EcoRI 6.95 Mb 
J N4 CAPS EcoRI 7 Mb 
K N5 CAPS KspAI 7.05 Mb 
L N6 CAPS EcoRI 7.1 Mb 
M NGA106 SSLP N/A 7.1 Mb 
N N7 CAPS VspI 7.15 Mb 
O RATTY CAPS ApoI 7.2 Mb 
P CIW8 SSLP N/A 7.5 Mb 
Q CDPK9 SSLP N/A 7.9 Mb 







Key Resource Table 
REAGANT OR RESOURCE SOURCE 
Bacterial and Viral Strains 
E. Coli strain DH5a Widely distributed 




Murashige and Skoog (MS) with MES 
Buffer Basal Salt Micronutrient solution 
Research Products International 
2x Phusion HSII High-Fidelity PCR 
Master Mix 
Thermo Scientific 
2x Taq RED Master Mix, 1.5 mM 
MgCl2 
Apex BioResearch Products 
1% Ethidium bromide Fisher BioReagents 
RNAse A ThermoFisher 
Vac-In-Stuff Silwet L-77 Lehle Seeds 
Commercial Assays 
CTAB Extraction Buffer OPS Diagnostics 
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Qubit dsDNA BR Buffer ThermoFisher Scientific  
Qubit dsDNA BR Reagent 200X 
concentrate in DMSO 
ThermoFisher Scientific 
Qubit dsDNA BR Standards 1 and 2 ThermoFisher Scientific 
Gateway LR Clonase II Enzyme mix ThermoFisher Scientific  
Gateway BR Clonase II Enzyme mix ThermoFisher Scientific  
pENTR/D-TOPO Cloning Kit ThermoFisher Scientific  
Golden Gate Assembly Mix New England BioLabs 
Restriction Enzymes/Buffers 
ApoI New England BioLabs 
FastDigest EcoRI Thermo Scientific 
HphI New England BioLabs 
FastDigest KspAI Thermo Scientific 
MboII Thermo Scientific 
FastDigest VspI Thermo Scientific 
FastDigest XhoI Thermo Scientific 
CutSmart Buffer, 10X Concentration New England BioLabs 
10XFastDigest Green Buffer Thermo Scientific 
10X Buffer B (with BSA) Thermo Scientific 
Bioinformatic Data and Software 
Arabidopsis thaliana TAIR10.1 (Col-0) 
reference genome 
The Arabidopsis Information Resource (TAIR) 
Ler-0 reference genome NCBI genome database 
https://www.ncbi.nlm.nih.gov/assembly/ 
Simple Linux Utility Resource 
Management (SLURM) 
https://slurm.schedmd.com/documentation.html 
SAMtools 1.11 http://samtools.sourceforge.net/ 20,21 
Burrows-Wheeler Aligner (BWA) 
0.7.17 
http://bio-bwa.sourceforge.net/ 22 
Vcftools 0.1.15 https://vcftools.github.io/index.html 23  
RNA-seq data set 10 
SnapGene v.5.2.4 www.snapgene.com  
Organismal Strains 
Arabidopsis thaliana: Col-0 ecotype N/A 
Arabidopsis: rlp10-1 9 
Arabidopsis thaliana: Ler-0 ecotype N/A 
Arabidopsis: clv2-1 6 
Arabidopsis thaliana: Bur-0 ecotype Arabidopsis Biological Resource Center 
(ABRC) https://abrc.osu.edu/  Arabidopsis thaliana: Can-0 ecotype 
Arabidopsis thaliana: Ct-1 ecotype 
Arabidopsis thaliana: Edi-0 ecotype 
Arabidopsis thaliana: Hi-0 ecotype 
Arabidopsis thaliana: Kn-0 ecotype 
Arabidopsis thaliana: Mt-0 ecotype 
Arabidopsis thaliana: No-0 ecotype 
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Arabidopsis thaliana: Oy-0 ecotype 
Arabidopsis thaliana: Po-0 ecotype 
Arabidopsis thaliana: Rsch-4 ecotype 
Arabidopsis thaliana: Sf-2 ecotype 
Arabidopsis thaliana: Tsu-0 ecotype 
Arabidopsis thaliana: Wil-2 ecotype 
Arabidopsis thaliana: Ws-0 ecotype 
Arabidopsis thaliana: Wu-0 ecotype 












































































Table S1. Coding lines for bioinformatic analysis of mapping-by-sequencing. 
The coding lines used for the bioinformatic analysis section of the methods for mapping-
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